Purpose: To identify the visual performance of radial keratotomy (RK) patients that have undergone cataract surgery with implantation of an extended depth of focus (EDOF) intraocular lens (IOL). Design: Retrospective chart review with questionnaire. Methods: Medical charts of patients with a history of RK that had undergone phacoemulsification with implantation of the Tecnis Symfony IOL (J&J Vision) were reviewed. Data collected included preoperative demographics, number of RK incisions, pupil size, and preoperative visual acuity and manifest refraction. Primary outcome measures of the study included postoperative uncorrected distance visual acuity (UCVA) and manifest refraction spherical equivalent (SE) at each follow-up visit. Secondary outcomes included results from a telephone questionnaire assessing visual performance and satisfaction. Results: Twenty-four eyes of 12 patients were included. UCVA improved from an average Snellen equivalent 20/73 preoperatively to 20/33 at an average final follow-up of 6 months (P=0.0011), while average manifest SE improved from +1.68 D to −0.18 D (P<0.0001). At final follow-up, 15 of 24 eyes (62.5%) were at or within 0.5 D of target refraction, while 20 of 24 eyes (83.3%) were at or within 1.0 D. In total, 79% of eyes (19 of 24) had UCVA of 20/40 or better at distance. In the survey, 78% of patients reported satisfaction with their vision after surgery and 44% of patients reported being spectacle free for all tasks. Conclusions: An EDOF lens implant can produce good visual outcomes and satisfaction in patients with a history of RK.
Introduction
Radial keratotomy (RK) was once the most common corneal refractive surgery performed in the United States. While it has been largely abandoned due to the induction of irregular astigmatism and fluctuation in the cornea's refractive power, many patients that have undergone RK are beginning to age into the cataract surgery population.
Patients with prior RK present unique challenges to the cataract surgeon. These include preoperative challenges such as accurate biometry for intraocular lens (IOL) implantation, 1 intraoperative challenges with wound placement and possibility of incision dehiscence, 2, 3 and postoperative fluctuation in refractive error. 4 Much as with prior keratoablative refractive surgeries, errors in IOL calculation may occur with current-day formulas which make incorrect assumptions about anterior and posterior corneal curvature. 5 Due to the cornea's acquired instability in refractive power, the refractive error of the post-RK eye may fluctuate significantly after cataract surgery despite careful preoperative planning and IOL selection and consequently produce considerable patient dissatisfaction. Many surgeons view post-RK cataracts as challenging and avoid the use of any sort of advanced optics IOL options (toric or multifocal). Moreover, the literature studying advanced IOL options in this population is scarce. However, post-refractive patients may carry higher expectations and be motivated to reduce spectacle dependence after cataract surgery. To date, only 5 patient cases have been described regarding use of multifocal lenses in patients with prior RK (3 patients with refractive multifocal optic, 2 patients with diffractive multifocal optic), [6] [7] [8] and no summative objective or subjective data are available. The intent of the current study is to report visual performance and subjective satisfaction in patients with prior RK that have undergone cataract surgery with implantation of an extended depth of focus (EDOF) IOL.
Methods
This study was a retrospective chart review of patients having undergone cataract surgery at Vance Thompson Vision, Sioux Falls, SD, from December 2016 to December 2017. The study was approved by the Institutional Review Board (IRB) of the University of South Dakota (Vermillion, SD). All preoperative IOL planning was performed using the Holladay IOL Consultant Professional software, utilizing keratometry powers obtained from Lenstar (Haag-Streit, Switzerland) measurements. Intraoperative aberrometry was used in all cases, and spherical lens power was adjusted when indicated at surgeon discretion. Surgeries were performed by one of the 3 surgeons (BJB, JPB, VMT), and all patients received the following standard postoperative medication regimen: intraoperative injection of antibiotic, steroid, and non-steroidal anti-inflammatory medication (dexamethasone, moxifloxacin, ketorolac) and daily use of a combination drop (eg, prednisolone, gatifloxacin, nepafenac).
Patient charts were selected by querying the medical record database for CPT codes for cataract surgery or complex cataract surgery and had documentation of prior RK. These charts were then reviewed for type of lens implanted at time of surgery. All patients having undergone cataract surgery with a history of prior RK with Tecnis Symfony lens (Johnson & Johnson Vision, Santa Ana, CA, USA) implanted in at least one eye were included in the study. Any patient having had lens implantation of other lenses (monofocal, toric, or other multifocal) was excluded. Other exclusions were patients with concomitant clinically significant corneal scarring, macular disease (eg, age-related macular degeneration), glaucoma, or diabetic retinopathy.
Data collected from qualifying patient charts included demographics and ocular history (age, gender, date of prior RK, number of RK incisions, ocular dominance, prior excimer ablation procedure), as well as scotopic pupil size, preoperative best spectacle-corrected visual acuity (BSCVA), and manifest refraction with spherical equivalent (SE). All patients underwent corneal wavefront analysis as part of the cataract preoperative workup using the NIDEK OPD-III scanner (NIDEK CO., Gamagori, Japan). Data obtained included mesopic pupil size and corneal aberrometry such as spherical aberration, coma, and total higher-order aberrations (HOA).
Preoperative planning such as IOL power selection, targeted postoperative refraction with corresponding IOL formula and intraoperative lens power selection based on intraoperative aberrometry were recorded. Primary outcomes included uncorrected distance visual acuity (UCVA), manifest refraction and SE, and near visual acuity when recorded in the medical record. Visual acuity data were recorded in Snellen notation and converted to logMAR notation for statistical analysis. Near vision was recorded as documented in the medical chart in Jaeger notation. 9 Data were organized by time to follow-up after surgery, including day 1, week 1, month 1, month 3, and final follow-up. Secondary outcomes included results from a questionnaire administered at the time of chart review to assess patient visual performance and satisfaction after surgery. The questionnaire was adapted from Maurino et al, 10 and included elements of visual functioning, spectacle independence, and dysphotopsia screening. All questionnaires were administered via telephone by a single author (BE) using a standardized telephone script approved by the IRB. All patients were made aware of the medical chart review and consented for involvement in the questionnaire, and given the chance to decline or postpone the questionnaire to a later date. Numerical values were assigned to responses, with highest values assigned to best possible result for simplicity. For the section assessing visual function, patients were asked to rate how much difficulty they had performing a variety of tasks, with a score of 0 being "very great difficulty," 1 being "great difficulty," 2 being "some difficulty," and a score of 3 being "no difficulty." For the spectacle dependence section of the questionnaire, patients were asked to assign a numerical value to how often they required spectacles for various tasks, with 0 being "always," 1 being "sometimes," and 3 being "never." Dysphotopsia ratings were assessed on a scale from 0 being "debilitating," 1 being "annoying," 2 being "barely noticeable," and 3 being "none." Lastly, overall satisfaction was assessed, with a score of 1 being "very dissatisfied," 2 being "fairly dissatisfied," 3 being "fairly satisfied," and 4 being "very satisfied" with vision after surgery.
Statistical analysis
Mean baseline and final follow-up UCVA and SE were compared using a paired T-test procedure. A one-way repeated measures of ANOVA procedure was used to compare the mean simultaneously at several visits within the group. A chi-square test used to test equality of proportions.
Significant level considered at 0.05. All data analyses were carried out using SAS 9.14 (Cary, NC, USA).
Results
Twenty-four eyes of 12 patients were included in the chart review after exclusions. Patient demographic and preoperative refractive data are listed in Table 1 . Refractive target was set at plano in 15 eyes (62%) and myopic in 9 eyes (38%; range −0.25 to −1.00 D). All cases had the Tecnis Symfony lens implanted after cataract extraction by phacoemulsification. The average-implanted IOL power was 23.5 D (range 20.5-28.0 D; ZXR00 in 23 cases, ZXT300 in 1 case). The IOL power was changed based on intraoperative aberrometry in 10 cases (42%). No cases of intraoperative wound dehiscence or other complication occurred.
The primary outcome measures of the study were UCVA and SE at follow-up after surgery. At baseline, the mean UCVA was 0.56±0.35 (20/70). At final collected follow-up, the mean UCVA had significantly improved to 0.22±0.17 (20/33; P=0.0011) as seen in Figure 1 . Average SE on manifest refraction improved from +1.68 D preoperatively to −0.18 D at time of final follow-up (P<0.0001). The percentage of patients with UCVA at or better than 20/40 at preoperative evaluation was 35% (7 of 20) ; this value at postoperative day 1, week 1, month 1, and month 3 was 50% (9 of 18), 78% (18 of 23), 71% (17 of 24) and 75% (12 of 16), respectively. By final follow-up (average 5 months; range 1-11 months), the percentage of patients with UCVA 20/40 or better had improved to 79% (19 of 24), which was statistically significant (P=0.0083). A summary of the visual outcomes and refractive data observed over the course of follow-up period can be seen in Table 2 .
At the time of final follow-up, 62.5% of patients (15 
Questionnaire
The response rate of the patient questionnaire was 75% (9 of 12 patients participated), and all results are listed according to category in Table 3 . On average, the questionnaire was administered 6 months after the IOL was implanted (range 3-12 months). For the visual function portion of the questionnaire, where a higher point total indicates better function, the average score was 26.3 of a possible 32 points, with individual responses ranging from 19 to 31 points across all 9 patients. Regarding spectacle dependence, 7 patients (78%) reported never wearing glasses for distance vision, while 5 patients (56%) reported never wearing glasses for intermediate or near vision. Of all patients surveyed, 4 patients (44%) reported never wearing glasses for any purpose (spectaclefree). The breakdown of spectacle usage patterns by number of patients is presented in Figure 2 . Glare and dazzle were the most prevalent of the dysphotopsia symptoms, with 4 patients (44%) of patients reporting glare/dazzle to be annoying, while only 1 patient (11%) reported it as debilitating. Unwanted images were reported "barely noticeable" for 7 patients (78%). No patients reported having any unwanted shadowing effect. Overall, 7 patients (78%) reported to be either fairly or very satisfied with their visual outcome.
Discussion
Many patients who underwent RK at its peak in the 1980s and 1990s are now entering the cataract age. These patients often present with not only reduced quality of vision in the presence of a cataract, but also a desire to achieve reduction in their dependence on glasses or contacts. These scenarios provide a challenge for surgeons because it is difficult to help these patients achieve any degree of spectacle independence, even with monofocal lenses set for distance vision despite the advancements in corneal power estimation and late generation formulae. For these patients that desire a greater level of spectacle independence, multifocal lenses are likely not a good option, as the performance of such lenses is often contingent on a true plano and stable refractive endpoint to achieve effectiveness in bifocality. However, the advent of an IOL with multifocality created through elongation of the focal point, rather than multiple distinct focal points, presents an intriguing possibility of restoring both clarity and functionality without spectacles for patients with a history of RK. Extended depth of focus (EDOF) IOLs arrived at the US market with the introduction of the Tecnis Symfony lens, FDA approved in 2016, to much excitement among refractive cataract surgeons. The lens uses an achromatic, diffractive echelette design to produce a multifocal-like effect and has been reported to provide improved vision at all distances in monofocal comparisons. 11 Thus far, reports evaluating the use of this lens have been favorable in patients with normal corneas, and it is now being widely adopted by surgeons to enable patients to achieve an impressive degree of spectacle independence while mitigating the unwanted side effects common to other diffractive-type optics. 12 Patients with a history of RK often maintain the desire for spectacle independence that initially drove them to seek the keratorefractive surgery in the first place. Unfortunately, the presence of RK has left these patients with unstable and often highly aberrated corneas that many surgeons consider challenging cases at best even for monofocal implants. Lens power selection has been a subject of interest in these cases for many years. Because the radial incisions disrupt the anterior to posterior curvature ratio and induce discontinuities in curvature across the surface of the cornea, the presence of RK can alter prediction of effective lens position and overestimate corneal power. Consequently, studies reviewing cataract surgery in post-RK patients have reported hyperopic error in as high as 83.4% of patients. 13 In the current study, we utilized one of a number of newer methods of IOL power estimation, the Holladay II formula using the Holladay IOL Consultant software, which takes into account 7 biometric variables and includes an internal modifier for post-RK keratometry. Other methods have also proven useful, including the ASCRS post-RK calculator, which utilizes the Holladay I formula and an Aramberri double-k method of determining true corneal power. 14, 15 There are no headto-head studies comparing the use of these later generation calculation methods and either method may be used, but surgeons should make sure to utilize a formula that can similarly adjust for the presence of iatrogenically flattened corneas. While IOL prediction methods have continued to improve, options for spectacle independence for these patients continue to be limited. To our knowledge, there have been few case reports and no reviews investigating the use of multifocal lenses in patients with a history of RK. Two reports describe favorable patient satisfaction in 3 patients (5 total eyes) using a refractive-type multifocal IOL (Oculentis LS313-MF30; Soleko FIL611PVT), 6 ,7 while a third describes 2 eyes of 2 patients that received a ReSTOR diffractive multifocal optic in the nondominant eye. 8 While the aforementioned reports suggested acceptable levels of patient satisfaction and spectacle independence, there remains insufficient objective evidence supporting the routine use of advanced-optics IOLs in this patient population. The present study is the first to report the outcomes of EDOF lens implantation in patients with a history of RK. In general, we feel the results accurately reflect our clinical experience, with most patients (78% in this study) reporting satisfaction with their visual outcome. UCVA at the final collected follow=up was an average 20/33 in Snellen equivalent and 79% of patients achieved an uncorrected visual acuity 20/40 or better, a result which approaches the values reported by Waring and colleagues in the 3-year PERK study of RK patients prior to development of cataract. 16 Moreover, the strong refractive accuracy observed in this study using the Symfony lens after RK is compelling. While the mean SE fluctuated over the course of follow=up, the final mean SE was −0.18 D at an average 5 months after cataract surgery. At that time, 62.5% of patients refracted to or within 0.5 D of target, while 83.3% of patients refracted to or within 1.0 D. We feel these results compare very favorably to other studies reporting this metric with monofocal implants in post-RK eyes utilizing a variety of IOL prediction methods. In a Figure 2 Number of patients categorizing their spectacle use as "Never" (Dark), "Sometimes" (Light), and "Never" (Grey) for various distance tasks as well as "Any Purpose." n=9 respondents.
study evaluating the ASCRS online calculator for monofocal implants in post-RK eyes, authors reported 46.67% at or within 0. There are a few potential explanations as to why an EDOF IOL may prove beneficial in a patient with a history of RK. First, as noted above, one of the major challenges for the cataract surgeon is IOL power calculation after corneal refractive surgery. In the post-RK cornea, it is difficult to determine true corneal power and effective lens position, and an overestimation of corneal power may lead to hyperopic surprise. 17, 18 Many surgeons have overcome this hurdle with monofocal optics by targeting a myopic refractive error. An optic with an elongated focal point, such as the Symfony lens, may actually permit a larger "landing zone" for IOL power. In other words, the elongated focal point and resultant broadened defocus curve may produce acceptable levels of UCVA across a larger width of residual refractive error. In addition to allowing for more forgiveness in IOL power calculation, the broad defocus curve may also contribute to patient satisfaction levels by absorbing some of the refractive error fluctuations that are known to occur after RK. As seen in Figure 3 , the Symfony lens produces a defocus curve that allows for maintenance of 20/40 vision or better across 3D of defocus, with the greatest range over negative defocus (simulating hyperopia relative to the focal point). This may partially explain why many of these patients did favorably in the early postoperative period, a time when RK fluctuations have been most frequently reported. 18 In addition to postoperative fluctuations in refractive error, post-RK corneas are known to demonstrate higher levels of corneal aberrations than normal corneas and increase with magnitude of refractive correction. 20 The increase in HOA, particularly spherical aberration, is thought to result in reduced visual quality and contrast sensitivity. 21, 22 Some concern may be raised regarding implantation of advanced optic IOLs, including multifocal or EDOF lens designs, in patients already predisposed to reduced contrast sensitivity, as traditional diffractive multifocal lenses have demonstrated significantly greater compromise in contrast sensitivity after cataract surgery when compared to monofocal lenses. 23 This has not been demonstrated with the Tecnis Symfony EDOF lens, which compares favorably to monofocal lenses in this regard. 11 As expected from prior reports, our patients had higher corneal spherical aberration than those reported in the literature for normal corneas utilizing the same aberrometer. 24 While the exact contribution of these aberrations on the objective and subjective visual outcomes of the present study is unknown, we recognize these as preoperative characteristics that may determine outcomes of cataract surgery. Future studies regarding performance of EDOF lenses in patients with a history of RK could evaluate corneal aberrations and contrast sensitivity, which may provide clarity on the impact of aberration profiles on predicting postoperative performance.
A limitation of the current study is the retrospective nature and selectiveness of preoperative patient characteristics. We do not offer an EDOF lens option to all patients with a history of RK in the presence of cataract. There are some patients, particularly those who rely on rigid gas permeable contact lenses or scleral lenses for functional vision at presentation due to high degrees of irregular astigmatism, who would likely not benefit from the particular optical properties of an EDOF lens. While our study included all patients in our practice with a history of RK who received an EDOF lens, the average preoperative BSCVA was 20/25 (range 20/15 to 20/80; all with cataract and decreased brightness acuity testing), likely reflective of our selectivity in lens option offerings. A thorough discussion of risks and benefits to each option was performed with each patient, including possibility of lens exchange. Various other preoperative characteristics may be contributory to our results as well. The average number of RK incisions was 6.4, and no patient had >8-cut RK or additional AK incisions. While results of prior studies have not shown an effect of number of incisions on post-cataract refractive error, 4,15 the lack of inclusion of patients with more significant incisional refractive surgery (eg, 16-cut RK or additional AK) may have influenced our results. Therefore, the present study results may not be generalizable to every patient with a history of RK, but simply a representation of our particular practice patterns. It is our recommendation that practitioners be discerning in their offering of EDOF or other diffractive IOLs to patients with history of keratorefractive surgery. The results of this study indicate that an extended-depthof-focus lens, such as the Tecnis Symfony, is a good option in the appropriate patient with a history of RK. Patients with otherwise excellent ocular health who retain good spectaclecorrected visual acuity and subsequently develop cataract may be good candidates for an EDOF lens. The elongated focal point of the Symfony lens may be beneficial to the post-RK patient and reduce some of the defocus from fluctuating corneal power. However, it remains imperative to thoroughly discuss lens options, risk and benefits to each option in this population. Future studies aiming to validate or deepen our understanding of the use of such lenses could directly compare results to monofocal lens performance and perform evaluations of contrast sensitivity in these optically complex patients.
